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Upon nutrient deprivation, cells are thought to sup-
press biosynthesis but activate catabolic pathways
to provide alternative energy sources and nutrients.
However, here we provide evidence that in adult
male C. elegans, both biosynthesis and degradation
activities, including ribosome biogenesis and turn-
over, are enhanced during early starvation and
appear to depend on the availability of intestinal lipid
stores. Upon depletion of the intestinal lipids, further
food deprivation results in a significant reduction in
metabolic activity in the starved male worms. Our
data show that adult C. elegans exhibits a two-phase
metabolic response to starvation stress: an initial
phase with enhanced metabolic activity that rapidly
exhausts the lipid stores, followed by a phase
with low metabolic activity, which outlasts the life
of fed control worms. DAF-2 insulin/IGF-1 receptor
signaling to the RAS pathway is required for the star-
vation-induced ribosome biogenesis and rapid lipid
depletion in the initial phase of starvation.
INTRODUCTION
Animals have evolved a variety of mechanisms to survive in
adverse living conditions, such as food shortage and drought.
Upon prolonged food depletion, animals often launch a program
of life alteration and enter a reversible state of dormancy (hiber-
nation or diapause), either at their developmental or reproduc-
tive stage, to endure the stress period (Renfree and Shaw,
2000; Riddle and Albert, 1997; Fielenbach and Antebi, 2008).
On entering dormancy, animals have reprogrammed their meta-
bolic activity, endocrine system, and other physiologies to
minimize energy expenditure and protect their reproductive
capacity to extend their lifespan. A wealth of insight into these
processes has been gained from studies with the soil nematode
Caenorhabditis elegans (Angelo and Van Gilst, 2009; Guarente
and Kenyon, 2000; Baumeister et al., 2006). Insulin signaling
plays a crucial role in maintaining organismal energy homeo-
stasis, and its state of activation/inactivation is tightly associ-390 Cell Metabolism 14, 390–402, September 7, 2011 ª2011 Elsevieated with nutrient conditions. The daf-2 and daf-16 genes of
the worm encode the homologs of mammalian insulin/IGF-1
receptors and of the HNF-3 forkhead gene family, respectively.
The DAF-2 insulin/IGF-1 network plays a crucial role in lifespan
extension and entry into the dauer phase. Recent studies have
identified DAF-16 FOXO as the major mediator for the DAF-2
insulin/IGF-1 regulatory network in controlling both dauer forma-
tion and lifespan extension (Lin et al., 2001; Lee et al., 2003).
DAF-16 FOXO is also impinged upon by other signal transduc-
tion pathways, such as activation of JUN kinase and AMP
kinase, and thus may act as a master regulator of survival that
integrates multiple signal inputs (Oh et al., 2005; Apfeld et al.,
2004).
Upon short bouts of food depletion, on the other hand, animals
undergo a short-term starvation (STS) and thus usually sustain
the stress without entering a life alteration. Nevertheless, the
ability to survive STS is particularly important, since most
animals are likely to encounter it more than once in a lifetime.
Recent studies have revealed that STS induces stress resistance
and protects normal cells against high-dose chemotherapy (Raf-
faghello et al., 2008). In addition, the STS stress can also elicit
a protective maintenance to extend lifespan in animals (Anson
et al., 2005; Honjoh et al., 2009).
Lipids, in most animals, are an efficient form of energy
storage. They are the main energy source and are readily
depleted to support animals through periods of starvation
(Schmidt-Nielsen, 1997). The level of body fat (adiposity) is
thus one key factor in determining the length of time that an
animal can withstand total food depletion before an injury to
health occurs as a result of major protein loss after fat depletion
(Caloin, 2004). In C. elegans, it has also been found that the slow
release of energy during the dauer phase is critical for appro-
priate long-term osmoregulation to ensure survival; when the
triglyceride resources are depleted, the osmoregulation is dis-
rupted (Narbonne and Roy, 2009). Animals without a life alter-
ation or that are no longer capable of entering a dormant state
to escape from prolonged food depletion may have to modify
their metabolic pathways in order to survive. These modifica-
tions are similar to those in the dormant state and may include
a decrease in the metabolic rate or locomotor activity to
preserve energy (Wang et al., 2006). The precise mechanisms
of how animals maintain energetic homeostasis and how energy
is allocated under dynamic food-stress conditions remain
largely unknown.r Inc.
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Figure 1. Rapid Depletion of Intestinal
Lipids in the Initial Phase of Starvation in
Adult Male C. elegans
(A) Monitoring of the life span of adult male
C. elegans subjected to total food deprivation at
22C. The first day of adulthood is designated as
D1.Starvation treatment startedonD2of adult age.
(B) Sudan Black staining monitoring the depriva-
tion and recovery of intestinal lipid stores in adult
male C. elegans under total food deprivation
treatment at 22C. The histograms on the bottom
show the levels of Sudan Black dye extracted
from the stained worms shown in the upper panel.
S, starvation treatment. Numbers indicate the
duration (days) of treatment. Data represent
mean ± SD, n = 3.
(C) Locomotor activities of adult male C. elegans
receiving total food deprivation treatment followed
by refeeding on bacterial food OP50 at 22C. Two
hundred worms were placed in PBS on a
U-bottom96-wellmicroplateat 5worms/50ml PBS/
well. Activity was measured in a locomotor activity
tracking system for worms. RF, refeeding. Data
represent mean ± SD, n = 3. See also Figure S1.
Cell Metabolism
Starvation-Induced Biosynthetic ActivityWe demonstrate here that C. elegans exhibits a two-phase
metabolic response to long-term total nutrient deprivation: an
initial short phase of starvation, in which both biosynthetic and
degradation activities are greatly enhanced, and a second long
phase in which metabolic activities are limited, if the stress
persists. Apparently, the intestinal lipid stores are rapidly
depleted and are mainly used to fuel the enhanced metabolic
activities during the initial starvation phase. Upon lipid depletion,
metabolic activities are then shifted to the second phase.
Furthermore, we show that the upregulated ribosome biogenesis
and rapid lipid depletion in the initial phase of starvation depends
on DAF-2 insulin/IGF-1 receptor signaling, and that the reticular
activating system (RAS) pathway, not the phosphoinositol
3-kinase (PI3K)/AKT pathway, mediates the DAF-2 signaling in
the starvation-induced ribosome biogenesis.Cell Metabolism 14, 390–402, SRESULTS
Rapid Intestinal Lipid Depletion and
LifeSpan Extension in Adult Male
Worms by Total Food Depletion
To study how animals manage their lipid
stores in response to food deprivation
and how such stress affects the recov-
ery of body lipids, we used adult male
C. elegans for experiments. These ani-
mals are fully developed and free of re-
productive burden, so their physiology
will not be complicated by dauer forma-
tion and egg production. Adult N2 Bristol
male worms were subjected to total food
deprivation in liquid media and monitored
for the use of their intestinal lipids and for
changes in other physiologies (Figures
S1A–S1D). Although the adult male-male interaction, such as clumping and copulation, which
shortens lifespan in male worms (Gems and Riddle, 2000), was
evident in plate culture, it did not occur in the liquid system
used in this study. We found that food deprivation did not
shorten the life of adult male worms, despite the fact that
a slightly increased mortality (6% ± 2%) was observed at the
early starvation stage (Figure 1A). Rather, food deprivation pro-
longed their adult life by 15% ± 3%. Interestingly, the intestinal
lipids of the stressed worms was completely depleted within
3 days of starvation, before the slightly increased mortality
occurred, and if allowed to feed ad libitum again, worms that
had been starved for 2 days were able to recover their lost lipids
within 1 day, while worms enduring extended starvation required
a longer time to fully regain their intestinal lipid levels (Figure 1B).
Other lipid profiling and quantification methods that requireeptember 7, 2011 ª2011 Elsevier Inc. 391
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Figure 2. Starvation Enhances Metabolic Activities and Ribosome Biogenesis in Adult Male C. elegans
(A) L-35S-methionine labeling revealed increased protein biosynthesis activity in the starved worms. Top and middle panels show the radiograph and the
corresponding Coomassie Blue-stained SDS-PAGE gel, respectively. Bottom panel, 35S activity of the same protein samples. Data represent mean ± SD, n = 3.
*p < 0.01, **p < 0.001, t test. The first day of adulthood is designated as D1. S, starvation treatment starting on D2; RF, refeeding on bacterial food OP50; the
numbers following S and RF indicate the duration (day) of treatment.
(B) Pulse-chase of 35S activity at the indicated postlabeling period shows a marked increase in protein degradation in the starved worms. Adult male N2 worms
used here were from D4 and D4/S2 for the control and starved, respectively. Data represent mean ± SD, n = 3. **p < 0.001, t test.
(C) Ribosome and polysome profiling shows an elevation in the amount of both 40S and 60S ribosomal subunits (upper panel), 80S ribosome and
polysome (lower panel) in the starved worms. Adult N2 male worms used here were from D4 and D4/S2 for the control and starved, respectively. CHX,
cycloheximide.
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Cell Metabolism
Starvation-Induced Biosynthetic Activitya large number of worms, such as direct triglyceride measure-
ment and mass spectra of storage lipids, confirmed this obser-
vation (Figures S1E and S1F). For some animals, like hunters
and grazers, starvation induces hyperactivity, which is consid-
ered an adaptive response to promote foraging (Lee and Park,
2004; Wang et al., 2006). To examine if the rapid loss of lipid
stores during early starvation is caused by hyperactivity, we
determined the locomotor activity of the starved male worms.
We found that the starved worms had actually reduced their
physical activity, indicating that the rapid lipid loss is not due
to an increase in physical activity (Figure 1C). Interestingly
however, despite the reduced physical activity, the starved
worms did not decrease, if they also did not increase, their
oxygen consumption levels at the corresponding stages (Fig-
ure S1D), suggesting a need for oxygen elsewhere.
Enhanced Biosynthetic and Degradation Activities
in Starved Male Worms during Early Starvation
In response to nutrient deprivation, cells alter their anabolic and
catabolic pathways; anabolic pathways, such as protein and fat
synthesis, are suppressed to preserve energy, while catabolic
pathways, such as autophagy/lysosomal degradation of cellular
proteins, including organelle composition, are activated to
provide alternate energy sources during the stress period (Co-
dogno and Meijer, 2005; Chang et al., 2009; de Lange et al.,
2007; Kraft et al., 2008; Scott et al., 2004). Indeed, starvation
for 2 days caused a marked loss of not only intestinal lipids but
also body protein and RNA in adult male worms (Figures S2A
and S2B). These results indicate that a high energy demand
occurred during early starvation, which raises the question of
the cause for this energy demand when the physical activity is
not increased. We hypothesized that, unlike prolonged starva-
tion, short-term or early starvation does not reduce the biosyn-
thetic activity, but instead only elicits a degradation activity for
alternative energy and nutrient supply. To test this hypothesis,
we measured the activity of de novo protein biosynthesis
through 35S-methionine incorporation into proteins of worms
during early starvation, before the complete depletion of the
intestinal lipids. Indeed, we found that the activities of biosyn-
thesis for most proteins were not reduced in the starved male
worms. On the contrary, synthesis of many proteins was signifi-
cantly elevated by starvation when compared to that in control
worms, and this elevation subsided after refeeding (Figure 2A).
In addition, the protein turnover rate was also markedly
enhanced in the starved worms; the newly synthesized proteins
in the starved worms were mostly degraded within 1.5 hr, while
the newly synthesized proteins in the control worms remained
stable (Figure 2B). For the starved worms, the basis for the
increased degradation activity is likely to be providing alternative
energy sources, as is well documented for other animals, and re-(D) 32P-phosphorus labeling revealed increased rRNA biosynthesis activity in the
RNA samples and the corresponding ethidium bromide-stained agarose gel, resp
SD, n = 3. *p < 0.05, **p < 0.001, t test.
(E) Pulse-chase of 32P activity shows a marked elevation in rRNA degradation in
(F) Expression profiles of genes involved in ribosome biogenesis in adult male N
genes was performed and calibrated with sgo-1 expression. The expression of a g
and calculated as relative expression level over the D4 value (set as 1). Data rep
Cell Mecycling materials for the elevated biosynthesis during early star-
vation, as shown here.
The increase in protein biosynthesis suggests a need for ribo-
somes in the starved worms. However, ribosome biogenesis is
a complex and highly energy-demanding process; it involves
synthesis of ribosomal components, assembly of the ribosomal
subunits in the nucleolus, export of ribosome subunits from the
nucleus, and finally maturation of ribosomes in the cytoplasm
(Fatica and Tollervey, 2002). To assess if the starved worms
have spent their energy making ribosomes, we first measured
the quantity of each ribosomal subunits and mature ribosome
in the starved worms. Indeed, both 40S and 60S ribosomal
subunits and the mature 80S ribosomes were all increased
30 ± 5% in the starved worms (Figure 2C). In addition, the total
area of polysomes, indicative of mRNA translation activity, was
increased 15% ± 3% in the starved worms (Figure 2C, lower
panel), corroborating an increase of protein synthesis in the
starved worms. We further assayed the de novo biosynthesis
of ribosomal RNA (rRNA), the major component of the ribosome,
and measured ribosomal protein levels in the starved worms.
The rRNA synthesis was significantly increased in the worms
starved for 2 days, but this increase was less prominent in the
worms starved for just 1 day (Figure 2D). The levels of ribosomal
proteins RPL8 and RPL40 were also increased in the starved
worms (Figure S2C). These results all confirmed that the ribo-
some biogenesis was upregulated in the starved worms.
However, in the starved worms, the newly synthesized rRNAs
were also rapidly degraded within 3 hr (Figure 2E).
In eukaryotic cells, rRNA is first transcribed into a 45S pre-
rRNA transcript and then processed in the nucleolus to 28S,
18S, and 5.8S rRNA. As in the control worms, the 45S pre-
rRNA was not detectable in the starved worms, indicating that
the 45S pre-rRNA is also effectively processed in the starved
male worms (Figures 2D and 2E). Formation of eukaryotic ribo-
somes requiresmore than 150 biogenesis factors that transiently
interact with the nascent ribosomal subunits (Fatica and Toller-
vey, 2002). To further confirm the increase of ribosome biogen-
esis in the starved worms, we examined the expressions of
several nucleolar and cytosolic factors important for rRNA pro-
cessing (nol-5, lpd-7), ribosome assembly (F44G4.1, T07A9.8,
lpd-7), ribosome export (T25G3.3, lpd-7), and maturation
(Y54E10BR.4). We found that the mRNA levels of lpd-7,
F44G4.1, T07A9.9, and Y54E10BR.4 were selectively and signif-
icantly elevated in the starvedworms (Figure 2F), suggesting that
the activity in each step of the ribosome biogenesis pathway is
upregulated. This contrasts with other cellular activities, such
as act-5 mRNA expression, which were markedly downregu-
lated by starvation, while expressions of let-363 and rsks-1
(encoding TOR and S6K homologs, respectively) remained
unchanged during early starvation. Among the factors requiredstarved worms. Top and middle panels show the radiograph of the 32P-labeled
ectively. Bottom panel, the 32P activity of RNA samples. Data represent mean ±
the starved worms. Data represent mean ± SD, n = 4.
2 worms at different stages of starvation treatment. qRT-PCR of the indicated
ene at different stages were then compared to its expression level at stage D4
resent mean ± SD, n = 4. *p < 0.05, **p < 0.001, t test. See also Figure S2.
tabolism 14, 390–402, September 7, 2011 ª2011 Elsevier Inc. 393
Cell Metabolism
Starvation-Induced Biosynthetic Activityfor ribosome biogenesis, LPD-7 plays multiple roles and is
involved in regulating several steps of the ribosome biogenesis
pathway. Theworm lpd-7 gene encodes a homolog of vertebrate
pescadillo protein that is crucial for nucleolar assembly, rRNA
processing, ribosome biogenesis, and cell proliferation (Lerch-
Gaggl et al., 2002; Ho¨lzel et al., 2007). We further examined
the effect of lpd-7 RNAi on the starvation-induced rRNA
synthesis. Indeed, lpd-7 RNAi treatment effectively ablated the
upregulated rRNA synthesis seen in the starved worms
(Figure S2D).
To see if the above observation occurs in adult hermaphrodite
worms, the sterile SS149 hermaphrodites, which were induced
by shifting the cultural temperature from 15C to 25C, were
selected for analysis of their response to starvation. Although
the sterile hermaphrodites appear to store significantly higher
amounts of intestinal lipids than males and required additional
days to have their intestinal lipids depleted by starvation, their
rRNA synthesis and lpd-7 mRNA expression were upregulated
by starvation, as were those observed in adult males (Fig-
ure S2E). Similarly, we found that the adult males of another
wild-type strain, AB2, exhibited an increase in their rRNA
synthesis and lpd-7 mRNA expression upon starvation treat-
ment consistent with the adult N2 male worms (Figures S3F
and S3G).
Starvation-Activated Biosynthesis Is Absent in Worms
Undergoing Prolonged Starvation or Depleted
of Intestinal Lipids
Our results indicated that the high energy demand during early
starvation likely resulted from a significant increase in ribosomal
biogenesis and turnover rate of macromolecules in the absence
of energy supply. Although the starvation-elicited rRNA
synthesis was found at all adult ages tested (Figure S3), the
increased rRNA synthesis and turnover did not occur in the
worms starved for longer periods after their intestinal lipids
were completely depleted (Figures 3A and 3B). In contrast, pro-
longed starvation markedly reduced rRNA synthesis (Figure 3A).
To further confirm our observation of a switch of degradation
activity during early starvation, we monitored the formation of
GFP-LGG-1 punctate structures in the intestine of starved
DA2123 male worms carrying the transgene adls2122(lgg-
1::lgg-1-GFP; rol-6[su1006]) (Kang et al., 2007). GFP-LGG-1
punctate structures, which are indicative of autophagic activity,
could be easily observed in the intestine of the worms starved for
1 day (D3/S1), and reached the maximum state when starved for
2 days since D2 (D4/S2) (Figure 3C). Afterward, similarly to the
prior observed shift in the rate of rRNA degradation, prolonged
starvation did not increase the GFP-LGG-1 puncta further.
Rather, it greatly reduced the GFP-LGG-1 puncta to levels
comparable to those in the intestine of control worms (Figure 3C),
and it also reduced the protein levels of GFP-LGG-1 in the
starved worms (Figure 3D). The reduction of starvation-induced
GFP-LGG-1 punctate levels coincided with the complete deple-
tion of the intestinal lipids in the starvedworms (Figure 3E). These
results indicate that adult worms exhibit a two-phase metabolic
response to long-term starvation stress: an enhanced activity of
biosynthesis and degradation in the initial phase of food depriva-
tion, followed by a phase of inhibited metabolic activities after
depletion of the lipid stores.394 Cell Metabolism 14, 390–402, September 7, 2011 ª2011 ElsevieOur results also suggest that the intestinal lipid stores are not
preserved for long-term use when starvation stress is encoun-
tered, but is mainly used to fuel increased metabolic activity
during the initial starvation period. Consequently, upon depletion
of the lipid stores, metabolic activity is switched to phase II to
preserve energy. To test this possibility, we fed adult male
worms with sbp-1 RNAi bacteria before starvation treatment.
sbp-1 encodes a homolog of mammalian sterol regulatory
element-binding proteins (SREBPs) required for lipid metabo-
lism. The sbp-1 RNAi treatment did not cause sickness or move-
ment abnormality in adult male worms, but it effectively depleted
their intestinal lipids after 5 days of RNAi feeding (Figure 3F).
These lipid-depleted male worms were then subjected to starva-
tion, and their rRNA synthesis was monitored. We found that the
starvation-enhanced rRNA synthesis did not occur in the sbp-1
(RNAi) worms starved for short-term periods. In contrast,
the rRNA synthesis activity was significantly reduced in the
sbp-1 (RNAi) worms, similarly to that observed in the worms
starved for extended periods (Figure 3F). These results further
indicate that the enhanced biosynthesis in the initial phase of
starvation is coupled with the availability of the lipid stores.
DAF-2 Insulin/IGF-1R Signaling Is Involved
in Starvation-Induced Ribosome Biogenesis
To maintain energy homeostasis, metazoans need to tightly
monitor and promptly respond to nutrient levels and/or cellular
energy status so that they can rapidly switch between anabolic
and catabolic processes. The AMP-activated protein kinase
(AMPK) and insulin-PI3K signaling pathways have long been
demonstrated to be crucial for energy sensing and homeostasis
across species (Kahn et al., 2005; Grewal, 2009). Recently, it
was found that the nuclear hormone receptor NHR-49 serves as
a key regulator of fat usage in C. elegans (Van Gilst et al., 2005).
To see if any of the above regulatory pathways is involved in regu-
lating the starvation-induced biosynthesis and rapid depletion of
the intestinal lipid store, we determined the effect of starvation in
worms deficient in the function of those regulators, using an anal-
ogousanalysisasdescribedabove.As in theadultN2maleworms,
a2day fooddeprivationat22Cwasable todeplete the lipid stores
from the intestines of aak-2 AMPK and nhr-49 knockout worms,
whereas it failed to deplete lipids from the intestine of daf-2
insulin/IGF-1 receptor mutant worms (Figure 4A). Due to the da-
uer-constitutivenatureofwormsdeficient inDAF-2athigh temper-
ature, we next starved the male daf-2 mutant worms at 15C for
3days, insteadof22Cfor 2days, toavoidaswitch, if any, tometa-
bolic dormancy. We found that this modified treatment could
effectively deplete the intestinal lipids of N2male worms, but it is
still ineffective in daf-2 male worms (Figure 4B). Further, neither
the starvation-enhanced rRNA biosynthesis nor lpd-7 mRNA
expression had occurred in the starved daf-2(e1370) male worms,
while both activitieswere increased in both the starved aak-2(rr48)
and nhr-49(gk405) maleworms (Figures 4C and 5D). These results
indicate that DAF-2 insulin/IGF-1 receptor signaling is involved in
the starvation-induced ribosome biogenesis.
To further examine whether the degradation activity in
daf-2(e1370) worms is changed by starvation, we crossed
daf-2(e1370) worms with DA2123 to introduce the GFP::LGG-1
transgene into daf-2(e1370) homozygotes, and we subsequently
monitored the intestinal GFP-LGG-1 punctate structures duringr Inc.
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Figure 3. Adult Male C. elegans Exhibit a Two-
Phase Metabolic Response to Starvation Stress
in Accord with the Availability of Lipid Stores
(A) 32P-phosphorus labeling shows enhanced rRNA
biosynthesis initially upon starvation, followed by inhibition
of rRNA biosynthesis under prolonged starvation condi-
tions. Top and middle panels show the radiograph of the
32P-labeled RNA samples and the corresponding ethidium
bromide-stained agarose gel, respectively. Bottom panel,
the 32P activity of RNA samples. Data represent mean ±
SD, n = 3. The first day of adulthood is designated as D1.
C, fed control; S, starvation treatment, starting on D2 of
adult age; the numbers following S indicate the duration
(day) of treatment.
(B) The starvation-induced rRNA synthesis concurs with
rapid degradation that does not occur when rRNA
synthesis is suppressed.
(C) The GFP-LGG-1 punctate structures reach maximal
levels in the intestine of male worms starved for 2 days.
Further starvation reduces greatly the number of GFP-
LGG-1 puncta in the intestine. Arrowheads indicate
exemplary GFP-LGG-1 puncta.
(D) Western blotting shows a significant reduction of the
protein levels of GFP-LGG-1 in DA2123 male worms upon
prolonged starvation.
(E) sbp-1 RNAi depletes intestinal lipid stores in adult male
worms. Sudan Black staining monitors the depletion of
intestinal lipids during sbp-1 RNAi treatment. The histo-
grams in the bottom show the levels of Sudan Black dye
extracted from the stained worms shown in the upper
panel. Data represent mean ± SD, n = 3.
(F) sbp-1 RNAi ablates the starvation-induced rRNA
biosynthesis. Top and middle panels show the radiograph
of the 32P-labeled RNA samples and the corresponding
ethidium bromide-stained agarose gel, respectively.
Bottom panel, the 32P activity of RNA samples. Data
represent mean ± SD, n = 3. See also Figure S3.
Cell Metabolism
Starvation-Induced Biosynthetic Activitystarvation treatment. The daf-2(e1370) worms were shown to
have an increased level of autophagy in seam cells as compared
to wild-type N2 animals (Mele´ndez et al., 2003), and we also
observed an increase in GFP-LGG-1 puncta in the intestine ofCell Metabolism 14, 390control daf-2(e1370) worms carrying the
GFP::LGG-1 transgene. Nevertheless, we did
not observe a change in the GFP-LGG-1 puncta
pattern within the first 3 days of starvation treat-
ment in the starved daf-2(e1370) worms (Fig-
ure 5A), indicating that the increase in autoph-
agy activity seen in the wild-type worms at the
initial starvation period did not occur in the
starved daf-2(e1370) worms. In addition, pro-
longed starvation did not decrease the protein
levels of GFP-LGG-1 in daf-2(e1370) worms as
it did in N2 worms (Figure 5B). We next
measured the rRNA degradation rate in the
starved daf-2(e1370) worms; again, we did not
find a significant change from the starvation
treatment (Figure 5C). Taken together, the
enhanced activities of biosynthesis and degra-
dation and the associated depletion of intestinal
lipid stores that occurred in the early phase of
starvation were all suppressed upon the lossof DAF-2 signaling function. Nevertheless, as in the wild-type
N2 worms, starvation did not shorten the life span of adult
daf-2(e1370) male worms, although a slightly increasedmortality
was observed at the initial starvation stage. In contrast, the–402, September 7, 2011 ª2011 Elsevier Inc. 395
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Figure 4. DAF-2 Insulin/IGF-1 Receptor Signaling Is Required for Starvation-Induced Ribosome Biogenesis and Rapid Depletion of Intestinal
Lipids
(A) Rapid depletion of intestinal lipid stores upon starvation occurs inmutant worms deficient in AMPKor NHR-49 but not in DAF-2 signaling. Sudan Black staining
was used to monitor the depletion of intestinal lipids in various mutant worms during starvation at 22C. The histograms on the bottom show the levels of Sudan
Black dye extracted from the stained worms shown in the upper panel. Data represent mean ± SD, n = 3. The first day of adulthood is designated as D1. S,
starvation treatment, started on D2 of adult age; the numbers following S indicate the duration (days) of treatment.
(B) Sudan Black staining monitors the change of intestinal lipids in DAF-2 mutant worms during starvation at 15C.
(C) The starvation-enhanced rRNA synthesis does not occur in DAF-2 mutant worms. Top and middle panels show the radiograph of the 32P-labeled RNA
samples and the corresponding ethidium bromide-stained agarose gel, respectively. Bottom panel, the 32P activity of RNA samples. Data represent mean ± SD,
n = 4. *p < 0.005, t test. C, fed control; S, starvation treatment on D2 of adult age for 2 days at 22C (left panel) or 3 days at 15C (right panel).
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Figure 5. Degradation Activity Is Unaffected
by Starvation in Adult Male DAF-2 Mutant
Worms
(A) Starvation does not increase GFP-LGG-1
punctate structures in the intestine of male DAF-2
mutant worms. The first day of adulthood is
designated as D1. Starvation treatment started on
D2 of adult age for 3 days at 15C.
(B) Western blotting shows that prolonged star-
vation did not reduce protein levels of GFP-LGG-1
in DAF-2 mutant male worms.
(C) The starvation-enhanced rRNA turnover does
not occur in DAF-2 mutant worms. Pulse-chase of
32P-labeled rRNA activity at the indicated post-
labeling period. Top and bottom panels show the
radiograph of the 32P-labeled RNA samples and
the corresponding ethidium bromide-stained
agarose gel, respectively. Data represent mean ±
SD, n = 3. Bottom panel, the 32P activity of RNA
samples. C, fed control; S, starvation treatment on
D2 of adult age for 3 days at 15C.
(D) Monitoring of the life span of adult male DAF-2
mutant worms subjected to total food deprivation
at 15C. Starvation treatment started on D2 of
adult age.
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when compared to the fed control worms (Figure 5D).
DAF-2 Insulin/IGF-1R Signaling to the RAS Pathway
Is Required for the Starvation-Induced Ribosome
Biogenesis
In C. elegans, downregulation of the DAF-2 insulin/IGF-1
receptor signaling to the PI3K/AKT/DAF-16 cascade is linked
to life span extension and dauer formation (Angelo and Van Gilst,
2009; Antebi, 2007). However, we found that the starvation-
induced ribosome biogenesis was not ablated in the starved
male worms deficient in the genes age-1 or akt-1 that encode
themammalian PI3K and AKT-1 homologs, respectively (Figures
6A and 6B). This result suggests that the PI3K/AKT-1 pathway
does not mediate the DAF-2 insulin/IGF-1 signaling required
for the starvation-induced ribosome biogenesis.(D) Starvation does not increase the expression of lpd-7 mRNA in adult male DAF-2 mutant worms. qRT-PC
brated with sgo-1 expression. The expression of a gene in starved worms was then compared to that in fed c
level over the control value set as 1. Data represent mean ± SD, n = 4. *p < 0.05, **p < 0.001, t test.
Cell Metabolism 14, 390–402, SSimilarly to the mammalian insulin or
IGF-1 signaling that generates multiple
signaling outputs from the receptors, the
worm DAF-2 also transmits signals to
PI3K and LET-60 RAS (Nanji et al.,
2005). To test whether the RAS pathway
mediates the DAF-2 signaling in starva-
tion-induced ribosome biogenesis, we
applied food-deprivation stress to let-
60(n2021) and let-60(n1046gf) mutant
worms that carry the reduction-of-func-
tion allele and gain-of-function allele of
let-60, respectively. We found thatshort-term starvation was able to deplete the intestinal lipids of
let-60(n1046 gf) worms but not of let-60(n2021) worms (Fig-
ure 7A). In addition, when carrying the gain-of-function allele of
let-60(n1046 gf), the daf-2(e1370) mutant worms lost their intes-
tinal lipid stores readily upon short-term starvation stress (Fig-
ure 7A). Further analyses of rRNA biosynthesis and lpd-7
mRNA expression in the daf-2(e1370) mutant worms carrying
the let-60(n1046 gf) allele confirmed that the starvation-induced
increase in ribosome biogenesis indeed occurred in these
worms (Figures 7B and 7C). These results indicate that the
RAS pathway mediates the DAF-2 signaling pathway in starva-
tion-induced ribosome biogenesis.
DAF-16 FOXO is considered as a master regulator of survival
that integrates multiple signal inputs. It was found that DAF-16
translocates to the nucleus in response to fasting, but relocates
to the cytoplasm after prolonged fasting (Honjoh et al., 2009).R of the indicated genes was performed and cali-
ontrol worms and calculated as relative expression
eptember 7, 2011 ª2011 Elsevier Inc. 397
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Figure 6. The PI3K/AKT Pathway Does Not
Mediate DAF-2 Signaling in Starvation-
Enhanced Ribosome Biogenesis
(A) Starvation-enhanced rRNA biosynthesis
occurs in both adult male PI3K age-1(hx546)
and AKT akt-1(mg144) worms. Top and middle
panels show the radiograph of the 32P-labeled
RNA samples and the corresponding ethidium
bromide-stained agarose gel, respectively. Bot-
tom panel, the 32P activity of RNA samples. Data
represent mean ± SD, n = 4. **p < 0.001, t test. The
first day of adulthood is designated as D1. C, fed
control. S, starvation treatment of D2 male worms
for 2 days at 22C.
(B) lpd-7 gene expressions in starved adult male
N2 and mutant worms. qRT-PCR of lpd-7 gene
was performed and calibrated with sgo-1
expression. Adult male worms used here were
from D4 and D4/S2 for the control and starved,
respectively. The expression of a gene in the
starved male worms was compared to its
expression level in the fed control worms of the
same strain and calculated as relative expression
level over the control value set as 1. Data represent
mean ± SD, n = 4. *p < 0.01, **p < 0.001, t test.
(C) Starvation-enhanced rRNA biosynthesis
occurs in adult male FOXO daf-16 (m26) worms.
(D) lpd-7 gene expression in starved adult male
FOXO daf-16 (m26) worms.
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DAF-2 signaling through the RAS pathway to modulate starva-
tion-induced ribosome biogenesis. The daf-16(m27) mutant
worms, however, responded to starvation as did wild-type N2
worms in both lpd-7 expression and rRNA synthesis (Figures
6C and 6D), suggesting that DAF-16 is not required for DAF-2/
RAS signaling in starvation-induced ribosome biogenesis.
DISCUSSION
Our work reveals that adult maleC. elegans exhibits a two-phase
metabolic response to long-term total nutrient-deprivation
stress: in the first phase, both biosynthesis and degradation398 Cell Metabolism 14, 390–402, September 7, 2011 ª2011 Elsevier Inc.activities are activated, while in the
second phase a switch to an inert metab-
olism occurs to preserve energy. The
intestinal lipid stores are exhausted
rapidly upon starvation, likely in order to
support enhanced metabolic activity,
and this depletion is associated with a
switch from the initially enhanced to sup-
pressed metabolic activity during
starvation.
Our results contradict the conventional
wisdom that organisms reduce their
basal metabolism upon nutrient depriva-
tion to preserve energy. Although it is
beneficial for organisms to reduce the
basal metabolism in order to extend their
survival under prolonged starvation
conditions, it is equally important topreserve physiological functions to ensure immediate resump-
tion of digestive and metabolic processes during a period of
transient stress. Especially for animals facing food shortage, it
is likely more rational and advantageous, for a period of time,
to preserve the ability to seek food and cope with other adverse
situations that may be concurring, than to immediately reduce
metabolic and physical activities. Thus, the activated metabolic
activity in the initial phase of starvation in adult C. elegansmight
reflect their adaptive response to STS stress, which ensures that
worms are able to recover quickly if food availability is restored in
a short period of time. Perhaps the activated metabolic activity
may also increase protection against other adverse situations
that may occur at the same time as the starvation stress. This
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Figure 7. Starvation-Enhanced rRNA Synthesis Depends on the DAF-2 Signaling to the RAS Pathway
(A) Sudan Black staining was used tomonitor the depletion of intestinal lipid stores in adult male DAF-2 and RASmutant worms subjected to total food deprivation
treatment for 3 days at 15C. The first day of adulthood is designated as D1. Starvation treatment started on D2 of adult age. The histogram on the bottom shows
the levels of Sudan Black dye extracted from the stained worms shown in the upper panel. Data represent mean ± SD, n = 3.
(B) 32P-phosphorus labeling of rRNA biosynthesis in starved adult N2 and mutant male worms. Top and middle panels show the radiograph of the 32P-labeled
RNA samples and the corresponding ethidium bromide-stained agarose gel, respectively. Bottom panel, the 32P activity of RNA samples. Data represent mean ±
SD, n = 4. C, fed control; S, starvation treatment of D2 adult male worms for 3 days at 15C. *p < 0.01, **p < 0.001, t test.
(C) lpd-7 gene expression in starved adult male DAF-2 and RASmutant worms. qRT-PCR of lpd-7 gene was performed and calibrated with sgo-1 expression. The
expression levels of a gene in starved male worms were compared to its expression level in the fed control worms of the same strain and calculated as relative
expression level over the control value set as 1. Data represent mean ± SD, n = 3. *p < 0.01, **p < 0.001, t test.
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or 60 hr increases the resistance to oxidative stress in yeast as
well as protects normal cells from the toxicity of high-dose
chemotherapy in mice (Raffaghello et al., 2008).
Unlike the slow release of lipid stores in long-lived dauers, lipid
stores are rapidly exhausted in the starved adult male worms
that appear, surprisingly, to outlive the fed control worms. Life
span extension by total food removal had been previously re-Cell Meported for hermaphrodite C. elegans (Kaeberlein et al., 2006;
Lee et al., 2006; Sutphin and Kaeberlein, 2008). This suggests
that the lipid stores play a minor role in the long-term survival
of adult worms that encounter a food-deprivation stress.
However, the lipid stores are required for the enhanced meta-
bolic activity in the initial phase of starvation. They are likely
used to fuel highly energy-demanding reactions like ribosome
biogenesis and autophagosome formation, which maintaintabolism 14, 390–402, September 7, 2011 ª2011 Elsevier Inc. 399
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Starvation-Induced Biosynthetic Activitynormal, if not improved, physiological functions that are crucial
for fast recovery if the stress is only transient. Interestingly, the
duration of lipid depletion correlates well with the switching of
metabolic activity to the suppressed state, suggesting that lipid
levels might determine how long the initial phase of starvation
can last. In addition, lipid depletion might provide a signal for
worms to preserve energy and enter the second phase of starva-
tion to extend their survival.
Insulin/IGF-1 signaling is a vital pathway for the regulation of
protein synthesis and energy homeostasis across species.
Insulin/IGF-1 receptors have multiple signaling outputs to intra-
cellular pathways, of which each is crucial and specific in regu-
lating a cellular function, and they act largely through the PI3K/
AKT/FOXO pathway to regulate energy homeostasis and
longevity (Taguchi and White, 2008). In C. elegans, DAF-2
insulin/IGF-1 receptor signaling also plays a pivotal role inmodu-
lating aging and stress response via the PI3K/AKT/FOXO
pathway (Kenyon, 2005; Kirkwood, 2005). As in mammals, the
DAF-2 insulin/IGF-1 receptor in worms also transmits signals
to RAS in addition to PI3K, though the PI3K cascade is the major
signal output in regulating growth and aging (Nanji et al., 2005).
Interestingly, we found that DAF-2 insulin/IGF-1 receptor
signaling is also involved in starvation-induced ribosome biogen-
esis; however, it acts through the RAS, not PI3K, to regulate this
induction in the initial phase of starvation. While the RAS
pathway is associated with transcription, differentiation, and
proliferation, the PI3K pathway is the major pathway associated
with protein synthesis and energy metabolism and is generally
inhibited under prolonged nutrient deprivation. In the initial
phase of starvation, during which the energy/lipid stock is not
yet exhausted, DAF-2 upregulates the induction of ribosome
biogenesis and other metabolic activities, reflecting that it can
signal the stress in accordance with the physiological state to
elicit differential responses. The signal output to the RAS (instead
of the PI3K pathway) that induces the metabolic activity initially
also suggests that variousmolecular mechanisms exist by which
DAF-2 exerts its differential and fine-tuned regulation of the
energy metabolism for ensuring the integrity of physiological
functions for both fast recovery and better survival under
short-term starvation stress conditions.
EXPERIMENTAL PROCEDURES
Worm Strains and Culture
The following strains were provided by the Caenorbhabditis Genetics Center
(CGC) at the University of Minnesota and used in this study: wild-type N2
Bristol, wild-type AB2, SS149, ZG31 hif-1(ia04), Bristol DR26 daf-16(m26),
CB1370 daf-2(e1370), TJ1052 age-1(hx546), GR1310 akt-1(mg144),
MT2124 let-60(n1046), MT4866 let-60(n2021), and DA2123. The double
mutants daf-2(e1370)/let-60(n1046) and daf-2(e1370)/adls2122 were con-
structed as described previously (Nanji et al., 2005). Worms were maintained
on agar plates covered with OP50 bacterial lawn using standard techniques.
The SS149 and daf-2 mutant worms are temperature-sensitive mutants;
hence, they were kept at 15C, while all other worms were kept at 22C.
Male populations of each strain were maintained by mating males and
hermaphrodites in every generation.Starvation Treatment
One-day-old (D1) adult worms were pooled in PBS from the plate culture,
and the male adults were isolated and collected using a worm sorter (Bio-
sort) and kept in PBS with bacterial food until use. On the second day400 Cell Metabolism 14, 390–402, September 7, 2011 ª2011 Elsevie(D2), adult males were distributed into a U-bottom 96-well microplate at
30 males/60 ml PBS/well, and unless elsewhere indicated, the starvation
treatment was performed at 22C on D2. The fed control worms received
adequate freshly prepared OP50 bacteria (106 CFU/day/worm) on a daily
basis (Figure S1A and Movie S1). To prevent hypoxic conditions possibly
induced in the fed group by live bacterial food, the bacterial food was
supplied on a daily basis, and the amount of bacteria supplied to worms
was strictly controlled. To prepare the bacterial food, 2 ml of overnight
OP50 culture was added to 20 ml of LB broth and inoculated at 37C for
2 hr. The bacteria were then spun down and resuspended in 2 ml of PBS,
1 ml of which normally contains around 30 million bacteria, a number that
is enough to feed 30 adult N2 male worms for a day and does not seem
to cause hypoxia to worms, as assessed by the mortality of HIF-1 deficient
mutant worms (ZG31) kept in this cultural condition (Figure S1C). There was
no increase in the mortality of hif-1 mutants at either the embryonic or larval
stage, indicating that the oxygen level in this cultural condition was main-
tained above 1% (Jiang et al., 2001).
RNAi Treatment
For the soaking method, adult male worms were collected on the first day (D1)
and kept in PBS until use. On the second day (D2), adult males were trans-
ferred to a 24-well microplate at 1000 worms per well, starved for 40 hr,
washed twice in RNAi buffer, and soaked in 0.4 ml RNAi buffer containing
5 mg ds-RNA for 8 hr at 22C.Wormswere then sampled for Sudan black stain-
ing or prepared for 32P RNA labeling.
For the plate method, D1 adult male worms were collected, plated onto
RNAi bacterial plates, and kept at 15C for 3 days. Worms were then washed
several times with PBS and used for further starvation treatment.
32P RNA and 35S Protein Labeling
For 32P RNA labeling, worms were transferred to a 24-well microplate at 1000
worms per well and washed at least four times with the labeling solution (5 mg/
ml NaCl and 1 mM MgCl2). After the final wash, worms were kept in 0.5 ml
labeling solution, and 5 ml H3
32PO4 (50 mCi, PerkinElmer) was added. The
labeling was performed at 22C for 3 hr, and then worms were rinsed with
PBS and snap frozen in liquid nitrogen for further RNA extraction. For 35S
protein labeling, which was similar to the 32P RNA labeling procedure, worms
were transferred to a 24-well microplate, washed once with PBS, and incu-
bated at 22C in 0.5 ml PBS containing 50 mCi L-35S-methionine (PerkinElmer)
for 3 hr.
Ribosome/Polysome Analysis
Polysomes and ribosomal subunits of worms were analyzed using a high-salt
sucrose gradient (Pan et al., 2007). For ribosomal subunit analysis, 2000 to
3000 male worms were homogenized in 500 ml of solubilization buffer (Pan
et al., 2007) containing 100 mM EDTA without cycloheximide to completely
dissociate ribosomal subunits. The worm homogenates were spun at
maximum speed in an Eppendorf microfuge for 10min at 4C. The supernatant
containing 20 mg RNA was loaded onto a 10%–50% sucrose gradient and
centrifuged in a Beckman SW40 Ti rotor at 40,000 rpm for 2 hr at 4C. The
gradient was then scanned at 260 nm. For polysome profiling, 5000 male
worms were homogenized in 800 ml of solubilization buffer containing cyclo-
heximide. The homogenate containing 35 mg RNA was used and analyzed
as described above.
Real-Time PCR
Oligonucleotides used as primers for real-time PCR are listed in Table S1.
Real-time PCR was performed in the presence of SYBR Green using an ABI
7500 Fast Real-Time PCR System (Applied Biosystems). Optimization of reac-
tions was performed according to the manufacturer’s instructions. The
expression levels of sgo-1, H20J04.3, and H20J04 were constant regardless
of age or starvation treatment and thus used to calibrate the expression of
other genes in each sample.
Sudan Black Staining and Extraction
Worms were fixed with 1% paraformaldehyde in PBS for 1 hr, subjected to
three freeze-thaw cycles and dehydrated stepwise with 25%–70% ethanol.
Subsequently, worms were stained in 50% saturated Sudan Black, freshlyr Inc.
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then rinsed twice with 70% ethanol and kept in 25% ethanol. To extract Sudan
Black dye, 100 worms were soaked in 10 ml 95% ethanol for at least 3 hr, and
the absorbance of the extract at 500 nm (OD500) was measured using a
NanoDrop ND-1000 spectrophotometer.
Lipid Extraction and Analysis
For lipid profiling using the MALDI-TOF MS fingerprinting system, 1000 worms
were sonicated in 375 ml of lipid extraction solution (Chloroform:methanol:
water = 8:4:3) (Folch et al., 1957). The extracted lipid was dried and then resus-
pended in 10ml Chloroform. Mass spectra of sample along with a fixed amount
of glyceryl trioleate (MW = 885) as an internal standard were analyzed by
a Bruker Daltonics Autoflex III TOF/TOF mass spectrometer (Bremen,
Germany) equipped with a 355 nm Nd:YAG laser. For lipid quantification,
2000 male worms were homogenized in 200 ml of 5% NP-40 and analyzed
for lipid content using a triglyceride assay kit (BioVision).
Measurements of Locomotor Activity
D2 adult male worms were distributed into a U-bottom 96-well microplate at
5 males/50 ml PBS/well and subjected to starvation treatment as indicated.
At the indicated time points, worm locomotor activity was monitored at 22C
for 10 min every hour, for 3 consecutive hours, using a locomotor activity
tracking system for worms (Wmicrotracker, DesignPlus SRL). The mean
activity value from three independent measurements was used to indicate
the locomotor activity.
O2 Consumption
Immediately prior to measurement, 1000 worms were refreshed with 200 ml of
PBS and transferred to an Oxytherm oxygen electrode (HansaTech) pre-equil-
ibrated and stabilized in 500 ml of PBS with air at 22C. Oxygen consumption
was monitored for 10 min, and the value was calculated according to the
manufacturer’s instruction.
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